The production of backward nucleons, N (180 • ), at 180 • in the nuclear target rest frame in proton- 
I. INTRODUCTION
A large fraction of the particles produced in inelastic nucleon-nucleon (N + N ) collisions appears from the decays of meson and baryon resonances, e.g., from ∆ and N * isobars, which decay subsequently into a stable baryon and one or more mesons, dileptons or photons. The large number of resonance states and their large decay widths have led Rolf Hagedorn to postulate that the resonance mass spectrum behaves as a continuous exponentially increasing function [1] . This is experimentally indeed found up to masses of approximately 3 GeV [2] , larger masses are not easily identified. An exponentially increasing mass spectrum ρ(m) ∼ exp(m/T H ) of the hadronic states at m → ∞ leads to the limiting temperature T = T H for strongly interacting matter. Later theoretical suggestions [3] [4] [5] transformed the concept of a limiting temperature to the concept of a temperature of a phase transition or a crossover to a new high-temperature state -the quark-gluon plasma. The crossover model with Hagedorn states does indeed describe the lattice QCD data [6] . Microscopic transport models of high energy collisions [7] [8] [9] [10] [11] model the Hagedorn states by string excitations [12] or include them directly [13] .
Experimentally produced nucleons emitted in proton-nucleus (p + A) collisions have been observed in backward direction, at 180
• , in the nuclear target rest frame (these nucleons will be further denoted as N (180 • ) and named as backward nucleons). Note, that the backward nucleons appear in a kinematic region forbidden in binary proton-proton (p + p) reactions.
The production of backward nucleons and mesons was observed experimentally [14, 15] and is referred to as a 'cumulative effect' since two or more nuclear nucleons should be involved in this process. Several models were proposed to explain the data. One group of models suggests that an extension of the kinematic limit of nucleon-nucleon (N + N ) collision is possible in p + A reactions due to the short range proton-neutron correlations in the nuclear target [16] [17] [18] [19] [20] [21] . These correlations lead to the presence of long tails in the nucleon momentum distributions inside a nucleus and thus extend the kinematic region of the emitted particles in p + A reactions. It was also suggested that the cumulative effect is a result of the presence of multi-nucleon targets ("grains") with masses 2m, 3m, . . . (where m is the nucleon mass)
inside the nucleus (see Refs. [22] [23] [24] [25] [26] ). In both these explanations, all necessary requisites for the cumulative hadron production are present inside the nucleus before the p + A reaction.
Our present study is based on an alternative model scenario [27] , see also Refs. [28] [29] [30] [31] [32] [33] [34] [35] .
The kinematically forbidden regions in N + N collisions can be explored in p + A reactions due to creation of heavy hadronic states and their successive collisions with nuclear nucleons.
We assume that a heavy baryonic resonance R, created in a primary proton-nucleon (p + N ) reaction, can propagate further through the nucleus, and it has a chance to interact with another nuclear nucleon earlier than its decay to a stable hadron occurs. Therefore, several nuclear nucleons are involved in the backward nucleon production. Two mechanisms for the production of a backward nucleon N (180 • ) will be considered: the reaction R + N → N (180 • ) + N and the resonance decay to nucleon and pion R → N (180
Excitations of heavy baryonic states and their subsequent re-scattering can be also probed in the sub-threshold production [36] [37] [38] of massive hadrons in A+A collisions. Recently this approach was used to describe the data on strange and charm particle production [39] [40] [41] .
The two phenomena in p + A reactions -the production of hadrons outside the kinematic region of N + N collisions and the sub-threshold production of strange and charmed heavy hadrons -have probably the same origin, namely, the creation of heavy resonances and their further interactions with nuclear nucleons.
This paper is organized as follows. In Sec. II we calculate the maximal energy for the backward production of nucleons in p + A reactions if n = 2, 3, . . . nuclear nucleons are involved in this reaction. The mass of the baryonic resonance needed for this production is also calculated. These results are obtained as a consequence of energy-momentum conservation.
In Sec. III the results of the Ultra-relativistic Quantum Molecular Dynamics simulations are presented. Section IV summarizes the paper.
II. KINEMATIC RESTRICTIONS FOR THE BACKWARD NUCLEONS
In this section we consider general restrictions on the energy of the backward nucleon emitted at 180
• relative to the direction of the projectile proton in p + A reactions in the rest frame of the target nucleus. The restrictions obtained are a consequence of the energymomentum conservation laws. We are interested in the maximal value of the backward nucleons energy. The production of any additional particles and/or a presence of a non-zero transverse particle momentum in the final state would require extra energy and would cause a reduction of the final energy of the backward nucleon. Thus, to find the maximal value of its energy we assume that no new hadrons are created, and all nucleons move longitudinally.
Therefore, our kinematic analysis is reduced to the one-dimensional (longitudinal) problem.
Besides, we assume m = 0.94 GeV for the nucleon mass and neglect the small difference between proton and neutron masses.
The energy-momentum conservation in the reaction p + N → N + . . . does not permit the backward nucleon production in the target nucleon rest frame. If two nuclear nucleons are involved in the p + A reaction the conservation laws for energy and momentum are:
where p is the momentum of the projectile proton, k 2 > 0 is the momentum of the backward nucleon N (180 • ), the lower index in k 2 denotes the number of nuclear nucleons involved, whereas p 1 and p 2 are the final longitudinal momenta of the two nucleons.
Let us denote the maximal value of k 2 as k ∼ = 0.24 GeV is reached at p → ∞.
We assume that a backward nucleon with kinetic energy E * 2 is created through a two-step process. First, the reaction p + N → R + N takes place, and a resonance R with the mass M 1 is created. The backward nucleon production takes then place at the second step in the following reaction 1 : Eq. (7) Eq. (13) given by Eq. (7) are shown by solid red and blue lines, respectively. Dashed lines on (a) and (b) represent the same quantities but given by Eqs. (12) and (13), when the additional production of
To reach the maximal energy E * 2 (2) of the backward nucleon the baryonic resonance mass M 1 after the first p + N collision should be equal to:
The resonance mass M 1 after the p + N collision is shown in Fig. 1 (b) as a function of the projectile momentum p by the lower solid (red) line.
If n ≥ 2 nucleons are involved in the reaction p + A → N (180 • ) + . . . with a backward nucleon production, the energy and momentum conservation equations are:
Similar to the case of n = 2, one finds the nucleon momenta p 1 = p 2 = . . . = p n = (p + k n )/n which maximize the backward nucleon momentum k n = k * n . This leads to the following equation for the maximal kinetic energy of the backward nucleon:
line. The value of E * 3 increases with the projectile proton momentum p, and the upper limit E * 3 ∼ = 0.63 GeV is reached at p → ∞. Note also that the resulting conservation laws and final expression (6) for E * n are the same as for a collision of the projectile proton with n-nucleon "grain" in a nucleus.
To produce a backward nucleon with energy E * n (6) in reaction (3) a baryonic resonance with mass M n−1 needs to be formed in n − 1 preceding collisions with nuclear nucleons.
For example, to reach the energy E * 3 within the reaction (3) the following two preceding reactions have to take place: p + N → R 1 + N and then
The straightforward calculations give:
For n = 2, Eqs. (6) and (7) are reduced to Eqs. (2) and (4), respectively. The resonance mass M 2 after two successive collisions with nuclear nucleons is shown in Fig. 1 (b) as a function of the projectile proton momentum p by the upper solid (blue) line.
From Fig. 1 one observes that E * n increases strongly with the projectile proton momentum p up to p ∼ 10 GeV/c. This corresponds to a mass region of the baryonic resonances not larger than (3 − 4) GeV. A further strong increase of the baryonic resonance masses at p > 10 GeV/c seen in Fig. 1 (b) leads to only a slight increase of E * n shown in Fig. 1 (a) . The momentum of a baryonic resonance with mass M n−1 after n−1 collisions with nuclear nucleons should be equal to:
The solutions of Eq. (8) 
Let us assume now a resonance decay into the backward nucleon and pion. If n nuclear nucleons are involved, the conservation laws for the energy and momentum are:
where m π and p π > 0 are the pion mass and longitudinal momentum, respectively. At a given value of the projectile proton momentum p, the maximal value of the backward nucleon k n is reached at the conditions: p 1 = p 2 = ... = p n , and p π /m π = p n /m , i.e., the n nuclear nucleons and created pion should move with the same velocity. The maximal kinetic energy E * n of the backward nucleon N (180 • ) and the mass M n of a resonance before its decay into the backward nucleon and pion,
are calculated as:
The solutions of Eqs. (12) and (13) The momentum of the baryonic resonance before its decay to the backward nucleons and pions is:
The solutions of Eq. (14) for n = 2 and n = 3 are presented in Fig. 2 by upper red and lower blue dashed lines, respectively. One can see that the resonance should move backwards at small p to produce a backward nucleon with maximal energy.
III. URQMD SIMULATIONS OF p + A REACTIONS
In this section an analysis of the backward production of protons within the Ultrarelativistic Quantum Molecular Dynamics (UrQMD) transport model [7, 8] Contrary to hadronic degrees of freedom, the string degrees of freedom do not interact with other objects, they are only subject to fragmentation 2 . Therefore, in UrQMD simulations the strings are not able to contribute to suggested mechanism of successive collisions with nuclear nucleons. Within UrQMD the Fermi motion of nucleons is modeled with the random distribution of nuclear nucleons momenta in the range of 0 -300 MeV in a nucleus rest frame. The Fermi motion allows to widen the available kinematic region for backward proton production. An another theorized source of cumulative particle production, nuclear short range correlations [20] , cannot be studied within UrQMD because of a lack of implementation of the phenomenon. The implementation of the nuclear short range correlations in a transport model is still a conceptual problem and a subject for future studies. This is a point for future studies. In Fig. 4 (a) the UrQMD values of the backward proton spectra at the kinetic energy E = E * 2 = 0.17 GeV are presented in p + A collisions at p = 6.9 GeV/c as a function of A. Approximating these values by ∼ A α dependence, one finds α ∼ = 2.46 for light nuclei (from He to C) and α ∼ = 0.67 for heavy nuclei (from C to Pb).
The UrQMD results demonstrate also a strong dependence of the backward proton spectra on the centrality in p + A reactions. In Fig. 4 (b) we present the backward proton spectra for 
